Muscle unloading-induced metabolic remodeling is associated with acute alterations in PPAR␦ and UCP-3 expression hindlimb suspension; metabolic flexibility; peroxisome proliferatoractivated receptor; gene expression; uncoupling protein-3; fuel utilization; microarray DECREASED PHYSICAL ACTIVITY associated with a sedentary lifestyle, bed rest, spaceflight, and hindlimb suspension (HLS) leads to many debilitating alterations in skeletal muscle including a dramatic reduction in soleus muscle mass and concomitant loss of function. These physiological changes manifest in microcirculatory disturbances, atrophy, protein loss, changes in contractile properties, and fiber type switching, all of which have been extensively investigated. In addition, several studies have attempted to characterize the biochemical and metabolic processes that underlie the physiological alterations associated with skeletal muscle unloading. Disturbances in inter-and intracellular signaling, transcriptional regulation, proteolysis, protein metabolism, molecular transport, and energy metabolism have all been described after HLS (reviewed in Refs. 31, 73) .
In contrast to the widely investigated effects of HLS on muscle structure, less attention has been paid to understanding the metabolic consequences of unloading. Unloading-induced muscle fiber type switching is associated with an increased reliance on glucose and a corresponding decreased use of lipid as a fuel source. Loss of the ability to switch between lipid and carbohydrate usage in periods of fasting and after insulin stimulation (e.g., food intake), respectively-a condition termed metabolic inflexibility-is a key feature of the metabolic disturbance associated with bed rest (1, 57) , aging (5, 6a) , obesity (29) , insulin resistance syndrome (38) , and diabetes (37, 76) . Furthermore, multiple studies have demonstrated increased substrate-level activation of glycolysis and inhibition of fatty acid oxidation in unloaded skeletal muscle (3, 30) . These physiological changes were associated with decreased activity of cytochrome oxidase, ␤-hydroxyacyl CoA dehydrogenase, and citrate synthase, key components of oxidative metabolism, following unloading (53) , concomitant with decreased mitochondrial respiration (81) . Together, these data indicate that metabolic flexibility is lost in maladapted, unloaded skeletal and cardiac muscle.
The maladaptive metabolic responses following unloading occur because of alterations in signals that control transcription of key regulatory genes. These metabolic alterations include reduced expression of genes involved in fatty acid oxidation and decreased transcription of genes involved in lipid metabolism corresponding with increased expression of glycolytic enzymes (68, 80) . These genomic changes result in increased glycogen synthesis concomitant with increased reliance on glucose-rather than lipid-as an energy source (30, 32, 43) . An investigation of the temporal regulation of physiological changes following muscle unloading demonstrated that these metabolic changes preceded the reduction of muscle mass (43) , suggesting that alterations in the regulation of fuel switching (or metabolic inflexibility) may underlie the muscle unloading phenotype. Similarly, it has been proposed that metabolic remodeling including loss of metabolic flexibility precedes the functional and structural remodeling of the unloaded heart (71) . However, few studies have attempted to elucidate the genomic mechanisms that are involved in initiating the early changes in gene expression that may be responsible for subsequent disturbances in metabolic flexibility and fuel utilization and, ultimately, result in the unloading phenotype.
The peroxisome proliferator-activated receptors (PPARs) are nuclear receptors with pleiotropic biological functions that include regulation of inflammation, lipid metabolism, and whole body fuel usage. These nuclear receptors are widely studied in the context of energy metabolism because two of three family members (PPAR␣ and PPAR␥) are molecular targets for pharmaceutical treatment of metabolic disease. Although PPAR␦ (also referred to as PPAR␤) is the most highly expressed PPAR in muscle (51) , it initially attracted less interest because of its ubiquitous expression and lack of synthetic agonist (10) . However, development of selective agonists of PPAR␦ led to the discovery of broad functions in early development, wound healing, and regulation of signaling pathways that are fundamental in the development of insulin resistance and cardiovascular disease, including regulation of glucose and lipid metabolism. PPAR␦ agonists are known to improve lipid profile and sensitivity to insulin as well as increase whole body fat burning, lipid oxidation, and energy dissipation. Because of its proposed role in regulating genes involved in lipid catabolism, energy uncoupling, and fuel switching (17, 27) we hypothesize that PPAR␦ expression may be altered as an adaptive response following metabolic disturbances caused by unloading and that changes in its expression following long-term unloading may be an important contributor to loss of metabolic flexibility and the subsequent physiological changes observed.
In the present study, Agilent whole-genome arrays were utilized to examine the effects of acute 24-h mouse HLS on soleus and gastrocnemius mRNA expression profiles. The acute exposure of 24-h HLS was chosen because atrophy and fiber type switching mediated by acceleration in proteolytic processes occur after at least 3 days of HLS (3, 34, 73) and thus 24 h represents a time point prior to these physiological alterations. Additionally, it was demonstrated previously that after 24-h HLS there are no changes in the expression of genes defining fast and slow contractile muscle phenotypes (69) . However, both glucose and lipid metabolism are altered at 24 h (43), suggesting that this is a reasonable time point at which to investigate the molecular events that coordinate later physiological events. This investigation aimed to determine coordinated regulation of gene expression in the two muscle types, thereby obtaining a more global view of the musculoskeletal aspects of acute HLS. Because of the proposed roles of nuclear hormone receptors-such as PPARs and in particular PPAR␦-in regulating lipid metabolism and oxidative capacity (35, 48) , we further assessed whether expression of components of the PPAR signaling pathway and PPAR-interacting proteins are altered after acute HLS. It is envisioned that a greater understanding of the genes involved in the early adaptive metabolic responses to HLS, including the PPARs and specifically PPAR␦, may allow the discovery of novel targets for prevention of the adverse physiological effects of muscle unloading and physical inactivity.
MATERIALS AND METHODS

Experimental Animals
All experiments in this study were in agreement with the guiding principles on care and use of laboratory animals of the American Physiological Society and the National Institutes of Health. Animals used for this study were approved in advance by the Institutional Animal Care and Use Committee of the University of Kentucky Medical Center. Male ICR mice (28-to 32-g body wt; Harlan, Indianapolis, IN) were maintained on a reversed 12:12-h light-dark cycle with controlled temperature (21 Ϯ 1°C) and humidity. Food and water were provided ad libitum. One week after arrival, the animals were separated into individual cages for a 3-day acclimation period and then were randomly assigned to either of two experimental groups: freely ambulating control animals and hindlimb-unloaded animals.
Hindlimb Unloading
Hindlimb muscles were unloaded by methods described previously (47) . Briefly, Elastoplast tape (Beiersdorf-Jobst, Rutherford College, NC) was used to wrap the tail of each animal. A metal clip on the tape was attached to a nylon monofilament line via a stainless steel swivel. The distal end of the nylon line was attached to an overhead support and shortened to suspend the animal in a 45°head-down tilt position. The swivel enabled the animal to explore the cage (360°range of motion) and obtain food and water freely. Animals were observed daily for changes in appearance and activity. Each animal was weighed, and the angle of HLS was adjusted if necessary. After 1 day or 12 days, each animal was deeply anesthetized in the hindlimbunloaded condition. The animal was removed from the unloading device, the soleus and gastrocnemius muscles were excised with the animal under surgical anesthesia, and the animal was euthanized. Muscle was immediately placed in RNAlater (Ambion, Foster City, CA) for subsequent analyses.
Microarray Analysis
All products were purchased from Agilent Technologies UK (Wokingham, UK) unless otherwise noted.
Target RNA preparation. Total RNA was isolated with the RNeasy kit (Qiagen, Crawley, UK). The integrity of the RNA was confirmed with analysis by the Agilent 2100 bioanalyzer (Palo Alto, CA) and the RNA 600 LabChip kit.
Labeling. Six hundred nanograms of RNA and three microliters (1:2,500 dilution) of Agilent One-Color RNA Spike-In RNA were labeled with the Agilent Low RNA Input Linear Amplification Kit PLUS, One-Color according to the manufacturer's instructions as follows: 1.2 l of T7 Promoter Primer was added to 600 ng of RNA and 3 l of spike-in control (in a 11.5-l volume) and denatured at 65°C. First-Strand Buffer (to 1ϫ), DTT (to 10 mM), dNTP (to 0.5 mM), Moloney murine leukemia virus (MMLV) reverse transcriptase (1 l of stock provided in the kit in a 20-l reaction), and RNaseOut (0.5 l of stock provided in the kit in a 20-l reaction) were added. The cDNA was synthesized during the following incubation step (2 h at 40°C). After 10-min denaturation at 65°C and the addition of Cy-labeled CTP (to 0.3 mM), Transcription Buffer (to 1ϫ), DTT (to 10 mM), NTP (8 l of stock provided in the kit in a 80-l reaction), polyethylene glycol (to 4%), RNaseOUT (0.5 l of stock provided in the kit in a 80-l reaction), inorganic phosphatase (0.6 l of stock provided in the kit in a 80-l reaction), and T7 RNA polymerase (0.8 l of stock provided in the kit in a 80-l reaction), the synthesis of the fluorescent labeled cRNA was performed during the second incubation step (2 h at 40°C). The labeled cRNA was purified with the RNeasy Mini Kit (Qiagen) according to the manufacturer's protocol.
Hybridization and scanning. The Agilent Hybridization Kit (catalog no. 5188-5242) was used in conjunction with Agilent Mouse Oligo Arrays (catalog no. G4122F). Two micrograms of the labeled sample RNA was used for hybridization according to the Agilent One-Color Microarray-Based Gene Expression Analysis Protocol. The hybridization was performed for 17 h at 65°C and 10 rpm. Slides were them washed for 1 min at 22°C in Wash Solution 1 (catalog no. 5188-5325) and 1 min at 22°C in Wash Solution 2, prewarmed to 37°C (catalog no. 5188-5326). Slides were incubated for 30 s in Agilent Stabilization and Drying Solution (catalog no. 5185-5979). The slides were scanned with the Agilent G2565BA Microarray Scanner System.
Data extraction and deposition into Gene Expression Omnibus. For data extraction and quality control, Agilent G2567AA Feature Extraction Software (v.9.1) was used. Data files were deposited into the NCBI Gene Expression Omnibus (GEO) in order to comply with MIAME requirements. The following link was created to allow review of these data: http://www.ncbi.nlm.nih.gov/geo/query/acc. cgi?token‫؍‬hfsfbmsqsgwievs&acc‫؍‬GSE9802.
Bioinformatics analysis. Extracted data were analyzed with GeneSpring GX 7.3.1 (Silicon Genetics). Agilent standard scenario normalizations for FE1-color arrays were applied to all data sets. A subset of genes for data interrogation was generated that excluded controls, spots of poor quality, and gene probes that were present in Ͻ50% of samples. From these selected genes, relative expression in hindlimbunloaded samples compared with ambulatory samples was determined. Genes differentially regulated by Ͼ1.5-fold were selected. One-way parametric ANOVA tests were performed, followed by Benjamini and Hochberg multiple test correction with a false discovery rate of 0.05. Microsoft Excel templates were prepared containing genes that were over-and underexpressed in soleus and gastrocnemius muscle after hindlimb suspension. Ingenuity Pathway Analysis 3.0 was utilized to assemble functional networks of altered hindlimb unloading (Ingenuity Systems).
Real-Time Quantitative Reverse-Transcription PCR
RNA was prepared from cells as described above, and cDNA synthesis was performed with 1 g of total RNA and random hexamer primers (Invitrogen, Paisley, UK Mm00457727_m1. The Bio-Rad I-Cycler (Bio-Rad, Hercules, CA) with FAM-490 system detection was used for real-time RT-PCR. PCR thermocycler conditions were 50°C for 2 min, 90°C for 2 min, followed by 45 cycles of 95°C for 15 s and 60°C for 60 s. All samples were run in triplicate with both primer sets and the control gene mouse snare to control for differences in amount of starting material. A standard curve was created for each PCR reaction in order to determine amplification efficiency. Fold changes were calculated with the 2 Ϫ⌬⌬Ct method. Statistical analyses were performed with Student's t-test. A P value of Ͻ0.05 was considered significant.
Protein Analysis
For Western blot analysis, soleus and gastrocnemius tissue samples were homogenized and lysed in sample buffer [50 mM Tris, pH 8.0, 120 mM NaCl, 0.5% NP-40, 10 g/ml phenylmethylsulfonyl fluoride (PMSF), and 1ϫ protease inhibitor cocktail (Sigma, St. Louis, MO)]. A total of 30 g of protein was suspended in Laemmli buffer (50 mM Tris, pH 6.8, 1% ␤-mercaptoethanol, 2% sodium dodecyl sulfate, 0.1% bromophenol blue, and 10% glycerol). Protein samples were boiled, loaded on 10% NuPAGE Bis-Tris gels (Invitrogen) with MES running buffer, run according to the instructions of the manufacturer, and transferred to nitrocellulose membranes (Schleicher and Schuell, Dassel, Germany). UCP-3, PPAR␦, and ␤-actin proteins were detected with polyclonal antibodies (Abcam, Cambridge, UK). Proteins were visualized by enhanced chemiluminescence (GE Healthcare, Little Chalfont, UK).
RESULTS
Identification of HLS-Induced Early Responsive Genes and Ontologies
The primary aim of this study was to investigate the effects of acute mouse HLS on genes and proteins involved in regulation of glucose and lipid metabolism. Our previous investigations (2, 24, 47) demonstrated that mice are a reasonable laboratory model to investigate the effects of HLS because they display a phenotype similar to other animal species after muscle unloading (reviewed in Ref. 74 ) and they additionally can be genetically manipulated. To examine the effect of acute HLS on gene expression profiles, RNA samples from gastrocnemius and soleus muscle from five control and five 24-h HLS animals were subjected to whole-genome microarray analysis. Stringent data analysis was performed in order to ensure that the genes identified through microarray analysis were truly differentially expressed. After exclusion of absent calls and probes that were expressed in less than half of experimental samples, 35,282 of an initial 41,267 probes (85%) were considered for analysis. Only probes with a differential expression of at least 1.5-fold and that passed ANOVA testing at P Ͻ 0.05 were considered to be truly differentially expressed after HLS. Gene expression profiling of control and unloaded muscle demonstrated that a total of 1,451 and 1,065 genes were differentially expressed in soleus and gastrocnemius muscle, respectively, after HLS. Of these probes, in soleus muscle 417 were upregulated and 1,034 were downregulated, while in gastrocnemius muscle 318 were upregulated and 747 were downregulated by hindlimb unloading. Figure 1A shows the number of genes up-and downregulated in gastrocnemius and soleus muscle by Venn diagram. Although 1,451 and 1,065 probes were differentially regulated in soleus and gastrocnemius muscle after unloading, only 600 were regulated in both muscle types, while 851 and 465 were regulated in a tissuespecific manner, respectively. The 600 commonly significantly regulated probes were subjected to gene cluster analysis using a Pearson correlation. A heat map was generated in which each row represents 1 of 600 probes and each column represents 1 sample. Expression of the 600 probes in 5 soleus and 5 gastrocnemius muscle samples after hindlimb unloading is shown in Fig. 1B (normalized to the average expression of ambulatory controls). The probes are ordered by tree clustering and significance, where average expression of each probe does not correlate between gastrocnemius and soleus samples (Fig.  1B, top) , average expression is downregulated in both gastrocnemius and soleus (middle), and average expression is upregulated in both gastrocnemius and soleus muscle after unloading (bottom). The intensity of color in a cell represents the normalized expression of the probe, while green and red coloring depict low and high expression, respectively.
Biological processes affected by unloading were investigated initially with Gene Ontology (GO) analysis of the genes significantly regulated by HLS in both soleus and gastrocnemius muscle. Table 1 shows the 10 most significantly regulated GO biological processes in muscle ordered by P value. The most significant processes affected by HLS are muscle and musculoskeletal function and protein synthesis. Of the entire list of ontologies significantly altered by unloading, the 18 selected ontologies functionally regulating glucose and lipid metabolism that were altered by HLS are depicted in Table 2 , with corresponding P values. Multiple lipid and glucose metabolic functions were altered in muscle after HLS. Of interest, one of the main metabolism-related ontologies affected by HLS was the gluconeogenesis pathway. On further inspection, it appeared that the expression of three enzymes that are involved in the synthesis of 2-phosphoglycerate, a sub-strate for gluconeogenesis, was found to be downregulated in HLS. The enzyme that subsequently converts 2-phosphoglycerate to 3-phosphoglycerate, phosphoglycerate mutase, was also found to be decreased. However, paradoxically, we observed increased expression of one of the rate-limiting enzymes of gluconeogenesis, fructose-1,6-bisphosphatase, while the expression of two other critical enzymes, pyruvate carboxylase and phosphoenolpyruvate carboxykinase, was unchanged by HLS. Since the liver is the major organ that contributes to whole body gluconeogenesis, the relevance of these changes in gene expression in skeletal muscle-in the absence of correlated changes in liver-is unclear. It is of course important to note that many of the same metabolic genes appear in multiple ontologies. For example, both PPAR␣ and peroxisome proliferator-activated receptor ␥ coactivator (PGC)-1␣ appear in the multiple glucose-related and lipid ontologies. Together, these data suggest that HLS-dependent regulation of metabolic pathways is complex and that changes observed 24 h after HLS may differ from those observed at later time points, at which time substantial metabolic remodeling and adaptation has occurred.
Signaling Pathways and Cellular Functions Altered by Acute HLS
Biological processes are not equivalent to molecular pathways; at present, GO does not represent the dynamics or interactions that would be required to fully describe a biological pathway. Therefore, to gain an understanding of which functional cellular pathways and processes may be coordinately regulated during acute HLS, the 600 genes that were commonly significantly altered in both soleus and gastrocnemius muscle after unloading were visualized by Ingenuity Pathway Analysis (IPA). The Ingenuity entry tool systematically encodes findings presented in peer-reviewed scientific publications into ontologies, or groups of genes/proteins related by common function. Molecular networks of direct physical, transcriptional, and enzymatic interactions were computed from this knowledge base with the 600 genes differentially regulated after HLS. The resulting networks contain molecular relationships with a high degree of connectivity, and every gene in the network is supported by published literature. A total of 19 networks were significantly coregulated in soleus and gastrocnemius muscle after HLS (P Ͻ 0.001). Table 3 shows the score (related to the probability of each network being assembled by chance alone), number of HLS-regulated genes (focus genes), and main cellular functions or conditions/ diseases in which these genes play a role for each of these 19 networks.
From the 19 networks significantly affected by HLS, the 1 highly statistically significant molecular network involved in carbohydrate and lipid metabolism was visualized with the Ingenuity tool. This network assembled with IPA profiling of genes differentially expressed in soleus and gastrocnemius muscle after HLS, including interacting partners, is depicted in Fig. 2, A (soleus) and B (gastrocnemius) . Genes demonstrated to be differentially upregulated or downregulated after microarray analysis are colored in red and green, respectively. Genes that are uncolored were not found to be significantly altered in gastrocnemius and soleus muscle after HLS. The class of function for each of the genes, including enzymes, growth factors, and receptors, is depicted by nodal shape. The fold change in gene expression compared with ambulatory animals is shown below each colored node in Fig. 2 . Central nodes in this metabolic pathway include the retinoid X receptor (RXR), which heterodimerizes with PPARs and is required for transcriptional regulation of PPAR target genes, in addition to PPAR␣, and PPAR-regulated proteins involved in mitochondrial biogenesis and metabolic regulation: PGC-1␣ and PGC- Fig. 1 . Venn analysis and hierarchical clustering of hindlimb suspension (HLS)-sensitive gene probes. Gene expression profiling of control and unloaded muscle demonstrated that a total of 1,451 and 1,065 genes were differentially expressed in soleus and gastrocnemius muscle, respectively, after HLS (Ͼ1.5-fold, P Ͻ 0.05). Of these probes, in soleus muscle 417 were upregulated and 1,034 were downregulated while in gastrocnemius muscle 318 were downregulated and 747 were upregulated by hindlimb unloading. A: Venn analysis found that although 1,451 and 1,065 probes were differentially regulated in soleus and gastrocnemius muscle after unloading, 600 were regulated in both muscle types, while 851 and 465 were differentially regulated in a tissue-specific manner, respectively. B: the 600 gene probes differentially regulated in both soleus and gastrocnemius muscles were subjected to gene cluster analysis using a Pearson correlation. A heat map was generated in which each row represents 1 of 600 probe sets and each column represents 1 sample. Expression of the 600 probes in soleus and gastrocnemius muscle samples (n ϭ 5 animals for each group and tissue type) after hindlimb unloading compared with control is shown. The probes are ordered by correlation and significance. The intensity of color in a cell represents the normalized expression of the probe, where green and red depict low and high expression, respectively. 1␤. While RXR was not differentially regulated by unloading, PPAR␣, PGC-1␣, and PGC-1␤ were all downregulated in both soleus and gastrocnemius muscle after HLS. These data suggested that the PPAR signaling cascade was affected by unloading.
Because of the proposed roles of PPARs, in particular PPAR␦, in regulating lipid metabolism and oxidative capacity (35, 48) we focused our analysis on the regulation of the PPAR signaling pathway after acute HLS. Several PPAR family members were found to represent nodal points in the networks identified as altered after HLS. Because of their important role in lipid homeostasis, we further investigated the affect of HLS on the PPAR signaling pathway in detail, using the Ingenuity Canonical Pathway tool to better understand the biological significance of the altered individual genes. The canonical PPAR signaling pathway is depicted in Fig. 3 . Genes demonstrated to be significantly upregulated or downregulated after microarray analysis of soleus (Fig. 3A) or gastrocnemius (Fig.  3B ) muscle are colored in red and green, respectively. Genes that are uncolored were not found to be significantly altered in gastrocnemius or soleus muscle after HLS. The classes of function for each of the genes, including enzymes, growth factors, and receptors, are depicted by nodal shape. Interestingly, while Ppar-␣ is downregulated by HLS in both soleus Total number of genes included in each ontology (computed from entire mouse genome), expected % of genes reflected in each ontology (computed from entire mouse genome), number of genes differentially regulated by hindlimb suspension (HLS) in each ontology (computed from the list of HLS-regulated genes), and % of genes in the ontology that were differentially regulated after HLS (computed from the list of HLS-regulated genes) are shown. P value reflects the significance of change in prevalence of genes in each ontology under the HLS condition to the expected prevalence of genes in each ontology. Network score, number of HLS-regulated genes (focus genes), and main cellular functions or conditions/diseases in which these genes play a role are displayed for each of these networks. The network shown in bold is depicted visually in Fig. 2. and gastrocnemius muscle, several other global regulatory genes, namely, signal transducer and activator of transcription 5 (Stat5), inhibitor of NFB (IB), and inhibitor of IB (IK) are differentially regulated in soleus and gastrocnemius muscle, demonstrating tissue-specific effects of unloading.
Expression of PPARs and PPAR-Interacting and PPAR-Regulated Genes
To validate results obtained with the microarrays and to further assess the extent to which the PPARs and PPARinteracting proteins are altered after HLS, we assessed mRNA expression by real-time RT-PCR. Figure 4A shows the average mRNA expression of Ppars after unloading of gastrocnemius and soleus muscle, compared with control. While both Ppar-␣ and Ppar-␥ were downregulated after HLS, RT-PCR analysis revealed that Ppar-␦ was upregulated by HLS.
PPAR␦ was shown previously to directly and/or indirectly modulate the expression of proteins involved in fatty acid oxidation [carnitine palmitoyl transferase (CPT)1 and 2], lipid utilization [pyruvate dehydrogenase kinase 4 (PDK4)], lipid efflux (ABCA1), and energy expenditure (UCP-1, -2, -3) (23). We next assessed the expression of PPAR␦-regulated genes that may impact on metabolic flexibility by RT-PCR: Pgc-1␣, Pgc-1␤, muscle-specific CPT-1b, CPT-2, and UCP-3 (Fig. 4B) . In agreement with microarray data, we observed decreased expression of Pgc-1␣ and Pgc-1␤ after unloading. This is not surprising, because these two genes are regulated by PPAR␥-which was significantly downregulated by HLS-as well as by PPAR␦. Interestingly, we observed increased expression of the three genes specifically regulated by PPAR␦, Cpt-1b, Cpt-2, and Ucp-3, in soleus muscle after HLS. However, only Cpt-2 was significantly regulated by HLS in gastrocnemius muscle, while the other genes are significantly regulated by HLS only in soleus muscle, again demonstrating the tissue-specific effects of unloading.
We further assessed the expression of several genes that are important in lipid and glucose metabolism. Krämer et al. (42) recently demonstrated that the effects of PPAR␦ on metabolic responses including regulation of glucose and lipid utilization may involve the AMP-activated protein kinase (AMPK) or, alternatively, acetyl-CoA-carboxylase (ACC). Figure 4C shows the expression of Acc (␣ and ␤ isoforms) and Ampk (␣2 and ␤2 subunits) in soleus and gastrocnemius muscle after HLS, relative to ambulatory control. HLS significantly increased ex- Fig. 3 . Peroxisome proliferator-activated receptor (PPAR) canonical pathway in soleus and gastrocnemius muscle after HLS. Genes that were differentially expressed in soleus and gastrocnemius muscle after HLS were clustered into canonical pathways with the Ingenuity Canonical Pathway tool. The PPAR signaling pathway was significantly regulated by HLS in both soleus (A) and gastrocnemius (B) muscle (P Ͻ 0.001). Colored genes were identified by microarray analysis as differentially upregulated or downregulated in HLS samples compared with control (red and green, respectively). Other uncolored nodal genes are directly or indirectly associated with the differentially expressed genes but were not found to be significantly regulated by HLS. Genes are linked by their subcellular location (extracellular, cytoplasmic, nuclear; from top to bottom, respectively). Main processes modulated by transcriptional regulation are shown. pression of Acc-␤ and the ␣2 catalytic subunit of Ampk, while expression of Ampk noncatalytic subunit ␤2 and Acc-␣ were unchanged in soleus muscle after unloading. In contrast to soleus muscle, Ampk-␤2 was downregulated in gastrocnemius muscle after HLS.
Uncoupling proteins are thought to be involved in mediation of cellular thermogenesis (7, 25, 64) , modulation of mitochondrial hydrogen peroxide generation (52) , and regulation of lipid as a fuel substrate (59) . In agreement with our results demonstrating that Ucp-3 mRNA expression is increased in soleus muscle after short-term HLS, long-term unloading was previously associated with increased UCP-3 expression in skeletal muscle (20) . To investigate whether increased mRNA expression was associated with enhanced protein production, Western blot analysis was performed on soleus muscle only. Gastrocnemius muscle was not investigated because Ucp-3 was not found to be differentially expressed in this tissue. Because UCP-3 is thought to be regulated by PPAR␦ (56) and is found primarily in muscle (11, 23) , we assessed expression of both proteins in soleus muscle after 24-h unloading. A representative Western blot of UCP-3 and PPAR␦ expression in soleus muscle of three ambulatory and five HLS animals is shown in Fig. 5A . Figure 5B depicts average UCP-3 and PPAR␦ expression in ambulatory and unloaded soleus muscle samples after normalization to ␤-actin expression, which was not found to be altered as a consequence of unloading (data not shown). Western blot analysis demonstrated that HLS resulted in significantly enhanced expression of both PPAR␦ and UCP-3 compared with control.
PPAR␦ Expression After Long-Term Exposure to HLS
Increased expression of UCP-3 after long-term unloading and in cachexia-induced muscle wasting has been reported previously (4, 20, 50) . However, in these studies of long-term unloading, PPAR␦ expression was not investigated. Figure 6 shows mRNA expression of Ppar-␦ in soleus muscle isolated from ambulatory animals and after 12-day HLS. In contrast to Fig. 5 , in which a significant increase in PPAR␦ RNA and protein expression was observed at 1 day of HLS, we observed no significant difference in Ppar-␦ expression after 12-day unloading, suggesting that HLS-induced upregulation of PPAR␦ is both acute and transient. In contrast, in agreement with previous studies (20) , UCP-3 expressed is increased after long-term HLS. These data suggest that UCP-3 expression is increased in a Ppar␦-independent manner in the long-term unloading condition.
DISCUSSION
The goal of the present study was to determine the effects of acute, short-term HLS on metabolic genome remodeling. In contrast to the other Ppars and Ppar-regulated genes that were downregulated by HLS, Ppar-␦ was upregulated concomitant with increased UCP-3 expression. Because of its role in regulating oxidative capacity and fuel switching in addition to its known interaction with UCP-3, we hypothesize that acute upregulation of Ppar-␦ following short-term HLS may repre- Fig. 4 . mRNA expression of selected genes involved in metabolic flexibility and energy metabolism. RNA was prepared, and in vitro transcription was performed with 1 g of total RNA and random hexamer primers (Invitrogen, Paisley, UK). The Bio-Rad I-Cycler (Bio-Rad, Hercules, CA) with FAM-490 system detection was used for real-time RT-PCR. Taqman (Applied Biosystems, Applera) probes were used as detailed in MATERIALS AND METHODS. Animals were grouped into ambulatory and HLS conditions, and mRNA expression for each animal was averaged for each gene analyzed for both soleus and gastrocnemius muscle. All samples were run in triplicate with test probes and the control gene mouse SNARE to control for differences in amount of starting material. Fold change in expression was calculated by normalizing the test gene crossing threshold (Ct) with the SNARE amplified control and then comparing to gene expression in ambulatory control animals. A: mRNA expression of differential regulation of PPAR␣, -␥, -␤/␦ in soleus and gastrocnemius muscle after HLS. B: mRNA expression of PPAR-regulated genes: peroxisome proliferator-activated receptor ␥ coactivator (PGC)-1␣, PGC-1␤, muscle-specific carnitine palmitoyl transferase (CPT)-1b, CPT-2, and UCP-3 in soleus and gastrocnemius muscle after HLS. C: mRNA expression of acetyl-CoA carboxylate (ACC; ␣ and ␤ isoforms) and AMPactivated protein kinase (AMPK; ␣2, ␤2 subunits) in soleus and gastrocnemius muscle after HLS. n ϭ 5 animals for each group and tissue type. *P Ͻ 0.05, **P Ͻ 0.01 by ANOVA. sent an adaptive, compensatory response aimed at regulating fuel utilization and maintaining metabolic flexibility. This hypothesis is supported by the finding that Ppar-␦ expression is restored to basal levels at 12 days of HLS, at the same time at which muscle atrophy and loss of lipid oxidative capacity are observed. From these data, we hypothesize that loss of PPAR␦ expression may contribute to metabolic inflexibility and adverse physiological alterations observed after long-term unloading. Thus improving metabolic flexibility via PPAR␦ regulation may represent a novel intervention strategy to prevent the adverse metabolic and physiological effects of muscle unloading. Of course, examining metabolic fluxes would provide evidence in support of this hypothesis. However, these studies ideally would be performed with isotopes in unstressed animals, which would be technically challenging in mice that have undergone a stress-inducing procedure like HLS. Thus comparing changes in gene expression with the use of microarrays coupled with known metabolic alterations in long-term studies of unloading provides a complementary means to understand the genomic mechanisms that underlie the unloaded phenotype.
In recent years, several groups have used varying approaches to study gene expression after inactivity. These include analysis of gene expression after 12 h (4), 12 days (66), 14 days (18), or 35 days (80) . Furthermore, temporal transcriptional profiling of rat soleus muscle after 1, 4, 7, and 14 days (69) or 1 and 35 days (43) of unloading has demonstrated that in addition to delayed activation of genes involved in muscle contraction, glycolysis, and catabolism, a vast number of regulatory genes are acutely affected-in a transient or sustained manner-by HLS. The conclusions of these studies conclusively suggest that muscle unloading is characterized by reduced fatty acid oxidation, decreased transcription of genes involved in lipid metabolism, and increased expression of glycolytic enzymes and genes involved in glycogen synthesis, all of which suggest an increased reliance on glucose as an energy source or a loss of metabolic flexibility (30, 32, 43) . In corroboration with previous studies of acute HLS (43, 69) we observed many similar changes in genes involved in glucose and lipid regulation and energy homeostasis. These rapidly responding genes may be involved in the adaptive responses to HLS or may contribute to the physiological alterations associated with long-term unloading.
In the present study we focused our attempts on identifying early-responding signaling and regulatory genes that might correspond with the loss of metabolic flexibility in muscle. Here, we demonstrated a reduction in many genes involved in the PPAR signaling pathway including Ppar-␣, Ppar-␥, Lxr-␣, and Pgc-1␣, and Pgc-1␤ after acute HLS. However, we do not observe profound decreases in other genes involved in fatty acid transport, degradation, or oxidation, suggesting that alternative regulatory mechanisms compensate for loss of PPAR␣/ ␥-mediated control of lipid metabolism. In support of this hypothesis, PPAR␦ has been demonstrated to compensate for loss of PPAR␣ (51) . This may occur through PPAR␣/␥-independent heterodimerization with RXR and transcriptional regulation of genes involved in fatty acid oxidation and lipid homeostasis such as fatty acid binding protein 3 (FABP3), a cytosolic protein involved in uptake and transport of fatty acids (82), CPT1, a rate-limiting enzyme in mitochondrial fatty acid oxidation, and PDK4. Gene arrays demonstrated no significant A total of 50 g of protein was suspended in Laemmli buffer (50 mM Tris, pH 6.8, 1% ␤-mercaptoethanol, 2% sodium dodecyl sulfate, 0.1% bromophenol blue, and 10% glycerol). Samples were boiled and subject to Western blot analysis on NuPAGE Bis-Tris gels with MES running buffer. Mouse PPAR␦, UCP-3, and ␤-actin proteins were detected by antibodies as detailed in MATERIALS AND METHODS and visualized by enhanced chemiluminescence. A: representative blot of PPAR␦ and UCP-3 expression in soleus muscle of ambulatory (n ϭ 3) and 1-day HLS (n ϭ 5) mice. B: average PPAR␦ and UCP-3 expression in soleus muscle of ambulatory and HLS soleus depicted graphically after normalization to ␤-actin expression in each sample. Expression in soleus muscle isolated from HLS mice is displayed relative to ambulatory control. Student's t-test was performed, and P Ͻ 0.05 was considered statistically significant. Fig. 6 . Analysis of UCP-3 and PPAR␦ expression in ambulatory and 12-day unloaded soleus muscle. Soleus tissue was isolated from control animals and animals after 12-day HLS. RNA was extracted and mRNA expression of UCP-3 and PPAR␦ was assessed as previously described in MATERIALS AND METHODS. Animals were grouped into ambulatory (n ϭ 4) and 12-day HLS (n ϭ 4) conditions, and mRNA expression for each animal was averaged for each gene analyzed. All samples were run in triplicate with test probes and the control gene mouse SNARE to control for differences in amount of starting material. Fold change in expression was calculated by normalizing the test gene crossing threshold (Ct) with the SNARE-amplified control and then comparing to gene expression in ambulatory control animals. P Ͻ 0.05. n.s., Not significant. change in Pdk-4 or Fabp-3 expression in soleus or gastrocnemius muscle after 24-h HLS. However, we did observe a significant increase in expression of Cpt-1b and Cpt-2, proteins involved in fatty acid transport into mitochondria, in soleus muscle after unloading. In contrast to these acute observations, in long-term exposure to HLS, there is decreased expression of genes involved in lipid metabolism including Cpt-1 and Cpt-2 concomitant with increased expression of glycolytic genes (hexokinase, phosphofructokinase, and pyruvate kinase) (68) , suggesting that HLS-induced regulation of these genes is delayed.
These seemingly contradictory data further imply that a very early adaptation to acute unloading-induced metabolic deregulation occurs via increasing lipid utilization, while later time points indicate a reversal of lipid utilization and an increased reliance on glucose concomitant with loss of metabolic flexibility. It is possible that this switch is mediated by PPAR␦. Several pieces of evidence suggest that PPAR␦ may respond to-and attempt to compensate for-global metabolic deregulation. PPAR␦ is involved in remodeling of skeletal muscle, increasing oxidative fibers, and reducing body fat content. Increased PPAR␦ has previously been implicated in the metabolic and structural adaptations to long-term fasting and endurance exercise (reviewed in Ref. 46a ) and increased expression is an indicator of improvements in diabetes on training Ref. 78a . These data suggest that increased expression of PPAR␦ following unloading may represent an adaptive, stressinduced response to prevent further metabolic consequences. However, we hypothesize that after longer-term exposure to unloading metabolic flexibility is lost, resulting in enhanced reliance on glucose utilization concomitant with increased lipid accumulation in tissue, thus contributing to muscle wasting (atrophy) and slow-to-fast fiber transformation.
In addition to its interactions with other nuclear receptors such as PPAR␣, PPAR␥, and RXR, and through its transcriptional targets, PPAR␦ also interacts with AMPK and may influence metabolic regulation through this route (42) . Krämer et al. (42) recently demonstrated that the effects of PPAR␦ on metabolic responses including regulation of glucose and lipid utilization may involve AMPK or, alternatively, ACC. In the present study, both Acc-␤ isoform and Ampk-␣2 subunit were upregulated in soleus muscle by HLS. AMPK is a heterotrimeric protein kinase that participates in cellular energy homeostasis (46) . Once activated, AMPK enhances cellular nutrient uptake, activates ATP-producing catabolic processes, and downregulates energy-consuming processes (46) . In addition, AMPK-dependent effects on energy homeostasis may partly involve activation of PPARs (44, 45, 55) . In fact, PPAR␦ agonist treatment results in AMPK activation through an unknown mechanism (41) . Therefore, it remains probable that the beneficial effects of PPAR␦ on metabolic flexibility may be mediated, at least in part, through its interactions with both AMPK and ACC.
Alterations in the ratio of AMP to ATP also regulate AMPK activity; increased AMP:ATP concentration and activation of AMPK can occur via mitochondrial uncoupling (22, 40) . In the present study we observed a significant increase in musclespecific UCP-3 expression in soleus muscle after HLS. These data suggest that in addition to interactions with PPAR␦ after unloading, it is also possible that HLS-induced mitochondrial uncoupling via increased expression of UCP-3 may activate AMPK. Alternatively, AMPK activation has been shown to result in upregulation of UCP-3 in muscle (70) , demonstrating the complexity of the relationship between energy-sensing and/or responsive genes in skeletal muscle.
On the basis of its homology with UCP-1, UCP-3 has been implicated in the regulation of energy expenditure and has recently been studied as a potential contributor to muscle wasting under cachectic conditions (6, 16, 58) . In addition to cachexia, it has been shown that UCP-3 expression is modulated in soleus muscle by unloading and fasting (20, 59 ). It appears that UCP-3 is involved in the regulation of lipids as a fuel substrate rather than simply as a mediator of thermogenesis as previously believed, because of the demonstrated relationship between free fatty acid flux and muscle UCP-3 expression (60, 62) . The data we have obtained in the present study are consistent with this role, particularly as unloading is associated with altered free fatty acid levels in muscle (3) . We would further hypothesize that UCP-3 functions may be multifaceted and differ in the context of acute and chronic activation of the protein.
Although the loss of UCP-3 function appears not to be involved in the pathogenesis of obesity-related conditions, it is possible that upregulation of UCP-3 may improve metabolic parameters such as metabolic flexibility. Clapham et al. (15) reported that UCP-3 transgenic mice were more insulin sensitive and have lower fasting plasma glucose and insulin, suggesting a possible beneficial effect of UCP-3 on metabolic regulation. Several reports have proposed that fatty acids induce UCP-3 gene expression in skeletal muscle (8, 79) . In addition, increased UCP-3 protected against lipotoxicity in a cachexia model (50) . During cancer cachexia, the expression of UCP-3 is also upregulated in skeletal muscle (12, 61) and is dependent on rise in circulating levels of free fatty acids. When UCP-3 levels increased, free fatty acids decreased concomitant with increased lipid peroxidation markers, suggesting a switch to fat oxidation. The cachectic state is often accompanied by increased rates of adipose tissue lipolysis, reduced mitochondrial volume, and changes in mitochondrial protein synthesis rate, and UCP-3 is thought to protect mitochondria against the oxidative damage induced by nonesterified fatty acids under these conditions (28, 33, 63) . Further evidence connecting UCP expression to metabolic flexibility includes the demonstration that both UCP-2 and UCP-3 are important in resting metabolic rate, resting and basal energy expenditure, and anorexia nervosa (9, 13, 77) Several investigations link upregulated PPAR␦ with high levels of UCP-3 expression. (19, 26, 65) . Direct evidence of an interaction between PPAR␦ and UCP-3 is due to the finding that the UCP-3 gene promoter contains a PPAR response element (56) . Specific PPAR␦ agonist treatment resulted in upregulation of UCP-3 that was mediated by fatty acids (65) . This same study reported that modulation of UCP-3 by PPARs appeared specific to PPAR␦, because neither PPAR␣ nor PPAR␥ was demonstrated to transcriptionally regulate UCP-3. In addition to modulation by fatty acids, Fritz et al. (26) have demonstrated that low-intensity exercise increases skeletal muscle protein expression of PPAR␦ and UCP-3 in type 2 diabetic patients, suggesting that regulation of these two pro-teins may represent an early adaptation that may ultimately serve to improve clinical outcome.
Improving metabolic flexibility may represent a novel intervention strategy to prevent the adverse physiological effects of muscle unloading. This concept is gaining momentum particularly in the cardiac field, where alterations in myocardial energy substrate metabolism are thought to contribute to heart failure (reviewed in Refs. 39, 67, 72) . Of interest, it appears that metabolic maladaptation in the stressed heart occurs as the result of a return to a pattern of fetal metabolism including predominance of the use of carbohydrate as the major fuel substrate (reviewed in Ref. 54 ). Furthermore, Jucker et al. (36) elegantly showed recently that PPAR␦ activation in congestive heart failure normalizes cardiac substrate metabolism and improves hypertrophy and pulmonary congestion. These concepts mirror the findings and hypotheses set forth in the present study, suggesting that the metabolic disturbances observed in the muscle disuse phenotype may be similar to those demonstrated in cardiohypertrophy and heart failure.
In summary, in this report we have identified several proteins, namely, PPAR␦, UCP-3, AMPK, and CPT1/2, that have putative roles in the maintenance of metabolic flexibility and represent potential targets for intervention. Because of its interactions with the other putative targets, PPAR␦ appears particularly promising. In addition, previous investigations have demonstrated that transgenic mice expressing an activated form of PPAR␦ have enhanced fatty acid utilization and are protected against high-fat diet-induced obesity (78) . Furthermore, PPAR␦ agonism induces changes in muscle fuel metabolism (increases lipid oxidation, decreases carbohydrate utilization) (17, 48) . Since enhanced UCP-3 expression is associated with improvements in glycemic regulation (49), we hypothesize that promoting PPAR␦-dependent upregulation of UCP-3 and other transcriptional targets might offer additional benefits to prevent metabolic derangement and physiological alterations associated with muscle unloading. Further studies are in progress to test this hypothesis.
